We report a complete procedure to achieve multilayer YBa2Cu3O7-δ (YBCO) thick films by electrophoretic deposition on silver tubes using a suspension of YBCO powder in butanol. With the aim to optimize the magnetic shielding performances of the coatings, we have carried out an extensive investigation of the influence of the deposition parameters, the multilayer deposition sequence and the intermediate/final heat treatments on the coating microsfructure. Using the optimized conditions, a 24-layer YBCO coating has been successfully prepared on an 80 mm long Ag tube: the melt growth processed multilayered YBCO thick film thus obtained can shield an applied magnetic field of 1.9 mT at 77 K, the highest value per thickness unit reported so far in the literature for these materials.
Introduction
Magnetic shielding is a promising niche application for superconducting materials, which perform better than the standard magnetic metal screens when shielding low-frequency magnetic fields (<1 kHz) [1] [2] [3] [4] [5] . The role of the magnetic shield may be (i) to protect the outside world from a high-magnetic field device [6] , or (ii) to protect a device from stray magnetic fields [7] . In this latter case, the device itself can be a superconducting device [8] , so that cryogenics does not represent an additional requirement. The magnetic shielding performance can be assessed either by a shielding factor 'SF' (defined as the ratio between the applied induction Ba and the induction Bin measured inside the screen) or by the magnitude of Blim (maximum magnetic flux density that can be screened for a given shielding factor).
In a first approximation, the value of Blim of a passive superconducting magnetic shield is proportional to the critical current density of the superconductor and the thickness of the walls [5] . Therefore the highest values of Blim reported so far are for bulk superconducting cylinders having wall thickness of a few millimeters [3, 4, 9, 10] . Such bulk samples, however, are essentially synthesized in simple geometries (e.g. hollow tubes or vessels) [11] and are difficult to be formed in complex shapes, which means that large enclosures should contain slits or joints [12, 13] . Since most magnetic shielding applications require tailor-shaped screens [14] , the development and optimization of continuous superconducting coatings deposited on substrates without any shape or size limitation is a formidable challenge. In this context, electrophoretic deposition (EPD) [15, 16] appears as a suitable technique since it allows the deposition of coatings on metallic substrates of various geometries and sizes by applying an electric field to a suspension of charged particles, using the metallic substrate as one of the electrodes.
The preparation of YBa2Cu3O7-δ (YBCO) thick films by EPD was reported by several groups, using either ketone-based [17] [18] [19] [20] or alcohol-based [21] [22] [23] [24] suspensions.
Although the current densities that can be achieved are much lower than those of coated conductors, the possibility of deposition on complex-shaped substrates is a crucial advantage for magnetic shielding purposes. Our group has been studying YBCO deposition by EPD for several years. At first, we focused on the conventional acetone-based suspensions with iodine as dispersing agent [18, 19, 25] . However, the performances of acetone-based suspensions are very sensitive to the water content in acetone [25] and the low boiling temperature of acetone (55 °C) is thought to worsen the formation of cracks. Looking for alternatives, we recently obtained very promising results with an original butanol-based suspension using branched polyethyleneimine (PEI) as a dispersing agent (see [26] for a detailed report of our investigation leading to the identification of PEI as the preferred dispersing agent).
In the present work, we studied the EPD deposition parameters and the conditions of heat treatment of the coatings prepared with the butanol-based suspension. Since the magnetic shielding performances depend on the Published in: Superconductor Science and Technology (2015), vol. 28, 015007 Status: Postprint (author's version) intensity of the supercurrent that can flow through the coating, the microstructural criteria for optimization of the coating are (i) high thickness combined with porosity low enough to ensure adequate percolation in the coating and (ii) good connectivity at the grain boundaries between YBCO grains. Meeting the first criterion depends mainly on the optimization of the first stages of the process, i.e. choosing the EPD parameters and the multilayer deposition scheme to minimize the appearance of large cracks in the coating, as reported and discussed in sections 3.1 and 3.2. The second criterion is mainly affected by the final heat treatment, where the melt growth process is taking place (see section 3.3). In the final sections of the paper, the selected experimental parameters were used to deposit YBCO coatings on silver tubes in order to characterize the magnetic shielding properties.
Experimental details
A 10 wt% suspension of YBCO powder in 1-butanol was prepared as described in [26] using branched PEI as a dis-persant. YBCO layers were coated on Ag substrates (99.99%, Goodfellow Cambridge England) by EPD using a PS9009TX Apelex source. Optimization of the deposition and heat treatment parameters was carried out with samples deposited on Ag semi-cylindrical substrates (25 mm height, 16 mm diameter) that were shaped from annealed silver sheets. Samples for magnetic shielding measurements were deposited on annealed tubular Ag substrates (80 mm height, 13 mm diameter). Nickel counter-electrodes were shaped and positioned to ensure a constant 10 mm distance between substrate and counter-electrode. After deposition, the coated substrates were withdrawn from the YBCO suspension at a slow speed of 1 mm s -1 to minimize the dip-coating effect. In order to favor uniform drying and thereby minimize the risk of cracking, the coated substrates were kept for 10 min in the butanol-rich atmosphere of the EPD enclosure before being transferred to an oven heated at 70 °C for a 30 min drying in air. Heat treatments were carried out in calibrated tubular furnaces with 100 mm long uniform hot zones (±2 °C). When applicable, Ar or O2 (99.9% pure) flow rates were adjusted to 100 ml min -1 . X-ray diffractograms were collected with a Bruker D8 diffractometer (parallel beam, CuKα radiation). Differential scanning calorimetry of the YBCO powder was performed in air and argon with a STA449C Jupiter system (Netzsch). Electron micrographs of the coating surfaces and polished cross-sections were recorded in an environmental scanning electron microscope (XL 30 FEG-ESEM, FEI) coupled to an energy-dispersive x-ray (EDX) analysis system (Bruker Quantax). Average crack widths were estimated by measuring the width of all cracks in 500x375 µm 2 micrographs. Electrical resistivity measurements were carried out in a physical property measurement system (PPMS, Quantum design) using the four probe technique and an excitation current of 1 mA. Magnetic shielding measurements of the YBCO-coated tube were carried out in the PPMS as described in [9, 27] . Basically, a dc magnetic field is applied axially and the magnetic induction inside the tube is measured with a Hall sensor coupled to a nanovoltmeter (HP34420). The applied field was swept slowly at a rate of ~12.5 µTs -1 [27] . After each increment of 0.2 mT, the field was held for about 1 s in order to measure the magnetic induction inside the tube.
Results and discussion

Deposition time and deposition voltage
The influence of the deposition time and deposition voltage on the deposited mass was investigated using two series of samples: (i) samples from the first series were prepared with constant 50 V deposition voltage and deposition time between 15 s and 300 s; (ii) samples from the second series were prepared with constant 30 s deposition time and deposition voltage between 30 V and 200 V. As shown in figures 1(a) and (b), the deposited mass increases both with time and with voltage, as usually observed in EPD deposition.
The as-deposited coatings appeared free of cracks to the naked eye. However, electron micrographs collected after heat treatment of the coatings for 1 h at 920 °C in air revealed the presence of cracks, as shown in a few representative micrographs in figure 2. The graph in figure 2(h) plots the crack width versus the deposited mass for the samples from the two series and shows that the average crack width tends to increase with the deposited mass. It is well known that granular ceramic films above some critical thickness develop cracks during the drying stage [28, 29] . As reviewed by Besra and Liu [30] in the case of EPD coatings, even when no cracks are seen immediately after drying, the shrinkage of the coating during sintering is significantly different from that of the substrate, resulting in stresses that are relieved by crack formation. This effect is enhanced when inhomogeneities in the density of the as-deposited coating lead to differential densification during sintering [30] . Strategies to avoid cracking in EPD coatings were discussed for example by Sarkar et al [31] . The most efficient approaches, such as freeze/supercritical drying or shrinking substrates, cannot be implemented in the present case. In order to minimize cracking, selection of a liquid with low surface tension is recommended to reduce capillary forces [30, 31] . In this respect, both acetone (used in our previous work) and 1-butanol (used 
Multilayer deposition
In the remaining part of the paper, all layers were deposited with 50 V deposition voltage and 60 s deposition time, as selected in the previous section. In order to improve the maximum field that can be shielded (Blim), it is necessary to increase the overall thickness of the coatings by depositing several such layers consecutively. Besides, in order to save time and energy, it would be advantageous to apply the 920 °C heat treatment after deposition and drying of several layers, instead of after each layer. However, this should not come at the cost of an excessive increase in crack width. ) and with the number of (50V, 60s) layers (not shown), the deposited mass is similar in both cases (22 mg cm -2 for the 3 x 60 s coating, 24 mg cm -2 for the 1 x 180 s coating). However, figure 3 clearly shows that the crack width is much smaller in the case of the 3 x 60 s coating. In addition, the higher magnification micrographs of the 3 x60 s coating (figures 3(b) and (c)) reveal that most cracks affect only one of the layers; in other words, not all cracks propagate through the whole thickness of the coating. A further increase in the number of layers deposited before heat treatment to 920 °C was found to have an adverse effect on the crack width, as shown in figure 3(e) for up to seven consecutive (50 V, 60 s) layers.
Based on the above results, it was decided that the heat treatment at 920 °C in air would be applied after every 3 layers. Figure 4 shows a cross section through a 12-layer coating prepared by depositing four series of three layers according to the sequence {[layer deposition (50 V, 60 s)-drying (70 o C)]3-920 o C}4, followed by an extended heat treatment at a maximum temperature of 920 °C. It is of interest to note that the four sets of layers can still be distinguished because pores are usually not aligned from one set of layers to the next.
Before going on to the optimization of the final heat treatment (see next section), it is worth discussing how the 920 °C temperature was selected for the intermediate sintering in all the experiments presented in this paper. This is important because inappropriate conditions of intermediate sintering may lead to severe cracking of the coating or, in the worst cases, to peeling-off of the coating. The selection criteria rely on concepts of sintering in ceramics [33] , which are outlined below and followed by a summary of the experimental results that led to the selection of the intermediate sintering conditions.
The small size of the YBCO particles (below 1 µm) means that there is a significant driving force for the reduction of the surface energy by thermally activated coarsening and densification solid state mechanisms during a heat treatment. The driving force decreases with the progress of coarsening and/or densification, so that the potential for further densification depends on thermal history. In the present case, this means that the choice of the heating rate and temperature for the intermediate sintering affects the microstructure of the coating and its On the one hand, the intermediate sintering temperature should not be too high because rapid densification combined to the existence of drying cracks would result in a coating microstructure with dense islands separated by large macrocracks (as wide as 0.5 mm) that could not be mended by the melt-growth process during the final heat treatment.
On the other hand, the intermediate sintering temperature should not be too low because (i) the formation of necks between the particles is required so that the cohesion of the coating is sufficient to withstand handling and deposition of further layers and (ii) the residual driving force for densification must be low to prevent cracking by rapid densification when the temperature is further increased during the final heat treatment.
The influence of the heating rate results from the fact that coarsening is favoured at lower temperatures while densification becomes fast at higher temperatures. Therefore using a fast heating rate means that not much driving force is spent during the heating period and rapid densification is to be expected at the dwell temperature. Another point to consider regarding the heating (and cooling) rate concerns the difference in thermal expansion [34, 35] between the coating and the silver substrate. It is likely to have more severe consequences if the sample is heated/cooled very fast or is placed directly at high/low temperatures, because the difference in thermal diffusivity [36, 37] means that the silver substrate could reach the final temperature before the coating so that mechanical stress on the coating is larger and the propagation of cracks may result in peeling off.
Experimentally, we optimized the intermediate sintering conditions by testing the adhesion of coatings through immersion of the coated substrates in ethanol and application of ultrasonication for 2min. We found that the coatings submitted to intermediate sintering at temperatures lower than 920°C suffered from partial peeling off from the substrate during ultrasonication. Coatings heated at 920°C during intermediate sintering did not crack or peel away during final heat treatments at higher temperatures, indicating that the residual driving force for solid state densification mechanisms was low enough. 920°C was therefore selected as the optimum temperature for intermediate sintering. Further adhesion tests showed that in the case of intermediate sintering at 920 °C, the heating/cooling rate could be increased to 300°Ch -1 (instead of 100°Ch -1 ) without loss of adhesion. However, even faster heating and cooling rates achieved by placing and removing the samples from a pre-heated furnace resulted in partial peeling off from the substrate. Therefore the 300°Ch -1 rate was adopted in subsequent experiments, since it allows for a substantially faster heat treatment. (author's version) 
Final heat treatment
A multilayer coating such as shown in figure 4 requires an additional heat treatment to achieve adequate superconducting properties. Indeed, the maximum temperature of 920 °C in air that is applied to the coating during the multilayer deposition is not high enough to ensure high quality contacts between YBCO grains. The results reported in the present section concern the optimization of a final heat treatment for 12-layer coatings prepared according to the sequence {[layer deposition (50 V, 60s)-drying (70 o C)]3-920 o C}4.
Since the coatings are deposited on silver substrates, the temperature of the final heat treatment must be chosen so that the Ag substrate (melting temperature = 961 °C in air) does not melt or become too soft but, at the same time, does reach a temperature high enough for incongruent melting of the YBCO phase. The peritectic temperature (Tp) of the YBCO powder used in this work was measured by thermal analysis (not shown) and found to decrease from ~1005 °C in air to ~935 °C in argon, in agreement with literature [38] but without taking into account that the silver substrate might cause a further decrease of Tp [39] . and randomly distributed yttrium rich Y2BaCuO5 regions, which affects the peritectic recombination to a considerable extent. It should be noted that the microstructures and scenario described here are different from the melt-growth processing of bulk samples, where (i) yttrium-rich flux is provided by addition of an excess of Y2BaCuO5 to precursor powders to aid the growth of YBa2Cu3O7-δ , (ii) seed crystals with higher peritectic temperatures Tp are employed to orient the growth of YBCO and (iii) PtO2/CeO2 which can be used as grain refiners influence the liquid phases to some extent during melt processing [40, 41] . In view of the above results, a maximum temperature of 940 °C appears to be the optimum choice for the final heat treatment of EPD-processed multilayers, as confirmed by a sharp superconducting transition at 92 K [26] .
It is well known that YBCO must be in its oxygen-rich, orthorhombic phase to display superconducting properties. Therefore care must be taken to adjust the oxygen content in the coatings. In all cases, a slow cooling rate was used from TMAX to 900 °C to allow for the recombination of Y2BaCuO5 and the liquid phase into YBa2Cu3O7-δ . The shift from argon atmosphere to oxygen atmosphere was never performed at temperatures higher than 900 °C to make sure that no quenching of liquid phase could occur due to an abrupt increase of Tp induced by the oxygen atmosphere. The influence of a decrease in the cooling rate after oxygen entry was investigated by comparing samples prepared with 100 °Ch -1 or 20 °Ch -1 cooling rates from 900 °C to 850 °C but no significant differences were observed in the electron micrographs and EDX maps of the two samples (not shown). Since a slower cooling rate is expected to be beneficial in terms of peritectic recombination reactions, the 20 °Ch -1 cooling rate was adopted for the preparation of the multilayer coating on silver tube (see section 3.4). Even when oxygen is introduced at 900 °C, an oxygenation step still needs to be performed in the ~450-500 °C temperature range to increase the oxygen content of the YBCO phase. This is standard practice for bulk superconductors [42] [43] [44] . In the case of porous films with typical thickness in the 100-200 µm range, it was interesting to check whether the 12 h plateau at 500 °C could be decreased to 6h in order to reduce the overall duration of the final heat treatment. These two samples were compared in a magnetic repulsion test conducted in liquid nitrogen employing a small permanent magnet: the sample which was oxygenated for 6h did not show any repulsion, unlike the other sample. Hence the oxygenation time at 500 °C was kept at 12 h. 
Multilayered YBCO thick films on Ag tube
The experimental conditions selected during the optimization procedure reported in the previous sections were used to prepare a multilayer YBCO coating on an Ag cylinder in order to study its magnetic shielding properties. A 244ayer coating was deposited according to the sequence {[layer deposition (50 V, 60s)-drying (70 o C)]3-920°C}8 and submitted to the final heat treatment depicted in figure 6(a) . A photograph of the processed YBCOcoated tube is shown in figure 6(b) .
The XRD pattern collected on the surface of the tube (figure 6(c)) could be indexed with orthorhombic YBCO as the major phase, small amounts of Y2BaCuO5 and silver. An electron micrograph of the tube surface ( figure  6(d) ) shows that cracks in the upper layers do not extend through the whole thickness of the coating. After completion of the magnetic shielding measurements (see later, section 3.5), the tube was cut, set into resin and polished to obtain information about the microstructure and phase distribution. Electron micrographs of the polished cross-section are shown in figures 7(a) and (b). The thickness of YBCO layer is ~150 µm. The low magnification micrograph in figure 7(a) reflects the homogeneity in the thickness of the film. As expected for melt growth processed samples, the coating possesses significant porosity with pore size in the range 10-70 µm. Same data as the field increasing branch, plotted as shielding factor (µ0Ha/Bin) versus applied field (µ0Ha). It can be seen that the sample is able to shield applied magnetic fields of ~ 1.9 mT at 77 K and ~8.2 mT at 20 K.
Magnetic Shielding Properties
The magnetic shielding properties of the YBCO-coated tube described in the previous section were measured at different temperatures between 20 and 77 K by applying magnetic field µ0Ha up to 80 mT. The results are shown in figure 8 . Figure 8(a) shows the induction inside the tube (Bin) versus applied field (µ0Ha) when the applied field is cycled from 0 up to 80 mT (increasing fields) and back to 0 (decreasing fields). Figure 8 (b) shows a plot of shielding factor (µ0Ha/Bin) corresponding to the increasing field branch shown in figure 8(a) .
The YBCO-coated tube shows a threshold induced field 'Blim' (defined as the field above which the shielding factor becomes smaller than 10) of ~1.9mT at 77 K. This value increases to ~8.2 mT when the temperature is 20 K. The value for Blim is determined from each of the curves in figure 8(b) and its temperature dependence is shown in figure 9(a) . From Blim and the thickness of the YBCO superconducting layer (~150µm), the critical current density Jc can be estimated from the Bean model [45] . If, as a first approximation, the critical current density is assumed to be field-independent, one obtains an average Jc~ 10 3 A cm -2 at 77 K. In a second approximation, Jc can be assumed to be field-dependent and follow a Bean-Kim law [46] and the full Jc(B) curve (author's version) can be computed from the hysteresis cycle ( figure 8(a) ) following the procedure reported in [47] . The field dependence of the Jc at 77 K is shown in figure 9(b) . The zero field value of Jc resulted as 3600 A cm -2 . These results show that the large pores and the significant amount of Y2BaCuO5 (described in section 3.4) do not seriously impede current flow in the coating. In theory, a decrease in porosity and/or in Y2BaCuO5 content should enhance the shielding properties by increasing the effective cross section for current flow. However, porosity facilitates oxygenation and a decrease in the cooling rate in the hope to improve peritectic recombination would significantly extend the processing time. In any case, it should be stressed that the Blim value of ~ 1.9 mT at 77 K obtained here is the best reported so far in the literature for an YBCO coating and only a few of the much thicker bulk screens display higher values (see table 1 ). It is also of interest to compare the results obtained in this work (24 layers, thickness 150 µm, Blim ~ 1-9 mT) to those obtained in our earlier work [26] , i.e. 12 layers, thickness 100 µm, Blim ~ 1.3 mT. Remarkably, the Blim correlates almost perfectly with the thickness of the superconductor (1.9 ~ 1.3 x 1.5), giving evidence that the critical current density Jc is not degraded in the thicker sample. The fact that the coating thickness, however, is not proportional to the number of layers shows that e.g. doubling further the number of layers would not lead to doubling Blim. If much higher Blim values are required, we would rather recommend to combine several concentric shields (having each a Blim of approx. 2-3 mT) in order to obtain an overall Blim in excess of 10 mT (at 77 K) if such a value is necessary for a targeted application.
Summary and conclusions
We have shown that it is possible to achieve thickness above 100 µm for multilayer YBCO coatings prepared by EPD on silver, thanks to a systematic optimization of the experimental parameters at the different stages of the process: deposition of individual layers, intermediate sintering, multilayer deposition sequence and final heat treatment. Preparation of such thick coatings is notoriously difficult because of their tendency to form macrocracks or, in the worst cases, to peel off from the substrate. Addressing this issue involves two key points, discussed in detail in the paper. First, the formation of drying cracks must be controlled by depositing individual layers that are below a critical thickness. Second, the temperature and heating rate of the intermediate sintering must be selected to achieve an intermediate level of densification, in order to ensure adhesion of the coating and a low residual driving force for further densification in the solid state. In the last stage of the optimization, the parameters of the final heat treatment have been selected to achieve adequate superconducting properties through melt-growth processing.
When prepared with the optimized deposition conditions and heat treatments, a 150 µm thick YBCO coating obtained by depositing 24 layers on an 80 mm long Ag cylindrical tube shows shielding properties better than 1.9 mT at 77 K, a highest reported value per thickness unit so far for these materials in the literature. The shielding properties of the present sample are compared to the best ones reported in literature. The present methodology is efficient in delivering high quality thick films and hence is technologically significant for magnetic shielding applications.
